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integrated Circuit with Inductor Having Horizontal IMagnetic Flux Lines 

Field of the Invention 
This invention relates to semiconductor integrated circuits (ICs) having 
inductors formed therein. In particular, this invention relates to new and improved 
techniques for forming an inductor having horizontal, rather than vertical, magnetic 
flux lines within the IC. 

Background of the Invention 

A significant trend throughout IC development has been to reduce the size 
of the components within the ICs. As the size is reduced, the performance 
requirements and design margins of the components become more stringent. One 
aspect of ICs that affects the performance requirements and design margins is the 
interference between two components within the IC due to magnetic field 
generation by one or both of the components during operation of the IC. For 
example, an inductor formed on an IC chip can generate a relatively strong time- 
dependent magnetic field, which can induce current in other parts, or circuitry, of 
the IC, thereby affecting the performance of the other parts of the IC. Additionally, 
inductive coupling between the inductor and other parts of the IC, such as the 
substrate of the IC, can reduce the quality of the Inductor, thereby affecting the 
performance of the inductor. 

Atypical on-chip inductor 100 formed on an IC 102 is shown in Figs. 1 and 
2. The inductor 100 is generally spiral-shaped, as seen in the top view in Fig. 2. 
Additionally, the inductor 100 is typically located in one interconnect layer (a.k.a. 
"metal layers" and "conductor layers") of the IC 102, such as the top interconnect 
layer 104. The inductor 100 is, thus, generally formed by latitudinal and 
longitudinal conductors 106 within the top interconnect layer 104. The IC 102 also 
generally includes via layers and other interconnect layers 108, a contact layer 110 



and a substrate 112 (Fig. 1). The substrate 112 generally includes various 
structures and components, such as transistors, capacitors, etc. (not shown). The 
inductor 100 is typically connected through the via layers and other interconnect 
layers 108 and the contact layer 1 10 to the substrate 1 12 by conductors 114 and 

5 116 (Fig. 1) that contact the inductor 100 at points 1 18 and 120 (Fig. 2). 

Upon operation of the IC 102, a transverse magnetic field, represented by 
magnetic flux lines 122 (Fig. 1), is generated by the inductor 100. The magnetic 
flux lines 122 extend through the via layers and other interconnect layers 108, the 
contact layer 110 and the substrate 1 12. As the magnetic field varies, currents are 

10 induced in the substrate 1 12. Though the magnetic field is stronger nearer to the 
inductor 100, as indicated by the density of the magnetic fiux lines 122, the 
magnetic field is still relatively strong down in the substrate 112. Thus, if the 
Inductance of the inductor 100 is relatively high, the effect of the magnetic field on 
the substrate 112 may be significant. 

15 There are several options for countering the effects of the magnetic field of 

the inductor 100 on the other components of the IC 102. One option is to include a 
ground plate (not shown) or a guard ring 124 (Fig. 1) in the IC 102 to effectively 
"absorb" some of the magnetic field, thereby reducing the intensity of the magnetic 
field in the substrate 112. The ground plate (typically polysilicon or metal) would 

20 typically be between the contact layer 110 and substrate 112 transversing the 

magnetic field area. The guard ring 124 is typically in the substrate 112 below the 
front end layers (not shown). The guard ring 124 is typically a highly doped 
grounded region that is deeper than a well region. This option, however, takes up 
valuable space within the IC 102 and increases the cost of the IC 102. 

25 Another option is to locate the other components of the IC 102 in the 

substrate 1 12 at a sufficient distance from the inductor 100 that the magnetic field 
is too weak to have any significant effect on the performance of the other 
components. Thus, a region beneath the inductor 100 is free of any of the other 
components. This option, however, may waste valuable space in the IC 102 and 

30 require conductor lines between components to be undesirably long to reach 
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between opposite sides of the inductor 100. In fact, in some applications, the 
inductors may take up a significant percentage of the area of the IC, resulting in 
significantly fewer IC's per wafer if the other components cannot be placed close to 
the inductors. 

5 Another option is to allow for sufficient margins in the design of the other 

components of the IC 102. This option, however, results in a lower-performing IC. 

Another option is to make the design of the inductor 100 more aggressive 
with lesser margins. This option, however, results in a more expensive IC. 

Another option is to make the inductors larger to compensate for smaller 
10 quality factors. This option, however, may result in taking up a significant 

percentage of the IC's area with the inductors, increasing the size of the IC's and 
reducing the number of IC's per wafer. 

It is with respect to these and other considerations that the present invention 
has evolved. 

15 Summary of the Invention 

The present invention involves an IC and a method of making an IC having 
at least one inductor that avoids the disadvantages described above. The 
geometry of the inductor minimizes the negative effects of the magnetic field 
thereof. Thus, there is no need for a guard ring to attenuate the magnetic field of 

20 the inductor. Additionally, other components of the IC can be placed in close 

proximity to the inductor without having to alter the margins in the design of either 
the inductor or the other components to account for the magnetic field of the 
inductor. 

The inductor is essentially horizontal on the IC, so the magnetic flux lines 
25 are generally parallel to an over-all plane of the IC. In this manner, the region of 
highest magnetic flux density of the inductor is not near the substrate of the IC. In 
some embodiments, the region of highest magnetic flux density is preferably at the 
edge of the IC, away from the other components of the IC. Thus, at least one end 
of the inductor is preferably located near the edge of the IC. 
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The inductor preferably has a horizontal coil shape formed within multiple 
interconnect layers of the IC, instead of a spiral shape formed in just one 
interconnect layer, as described in the background. Additionally, the inductor has a 
generally rectangular cross-section. Each coil of the inductor, thus, has horizontal 

5 and vertical legs. The horizontal legs are preferably fomried in conductor lines in 
the interconnect layers of the IC. The vertical legs are preferably formed in 
conductive vias in the dielectric layers, or "via layers," between the interconnect 
layers as well as in the interconnect layers. 

The inductor may preferably include several inductor segments connected in 

10 series to form a single long inductor. Additionally, adjacent segments may 

preferably have their coil-shape in different spiraling angular directions, but their 
magnetic flux fields in the same orientation. Furthermore, some of the segments 
may preferably be spaced apart sufficiently to allow conductors between the 
segments to electrically connect other components of the IC. The segments of the 

15 inductor may preferably be connected with switches that can turn on and/or off the 
inductor segments, so the over-all inductance of the inductor can be changed. 

A more complete appreciation of the present invention and its scope, and 
the manner in which it achieves the above noted improvements, can be obtained by 
reference to the following detailed description of presently preferred embodiments 

20 of the invention taken in connection with the accompanying drawings, which are 
briefly summarized below, and the appended claims. 

Brief Description of the Drawings 
Fig. 1 is a simplified, broken, cross-sectional view of portions of a prior art 
integrated circuit that includes a prior art inductor. 
25 Fig. 2 is a simplified, broken, top view of the prior art integrated circuit, 

including the prior art inductor, shown in Fig. 1. 

Fig. 3 is a simplified schematic of portions of an integrated circuit, including 
an inductor, in which the present invention is incorporated and which has been 
fabricated according to the present invention. 
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Figs. 4, 5 and 6 are simplified, broken, cross-sectional views of portions of 
the integrated circuit shown in Fig. 3. 

Fig. 7, 8 and 9 are simplified, broken, cross-sectional views of alternative 
embodiments of portions of the integrated circuit shown in Fig. 3. 

Fig. 10 is a simplified schematic of another alternative embodiment of 
portions of the integrated circuit shown in Fig. 3. 

Figs. 1 1 and 12 are simplified schematics of additional alternative 
embodiments of portions of the integrated circuit shown in Fig. 3. 

Detailed Description 
A portion of an integrated circuit (IC) 200, such as a mixed analog IC, which 
incorporates the present invention and which is formed by the methodology of the 
present invention is shown in Fig. 3. The IC 200 includes an inductor 202 formed 
by a plurality of inductor segments 204 connected by electrical conductors 206. 
Each segment 204 essentially forms one coil of the inductor 202, so the inductor 
202 is effectively a coil-shaped inductor. The IC 200 also preferably includes a 
variety of other components 208, such as transistors, capacitors, resistors, etc. 
located throughout the IC 200, including adjacent (as shown) or under the inductor 
202. 

In a preferred embodiment, the inductor 202 is fomned as shown with one 
end 210 located near an edge 212 of the IC 200 and an opposite end 214 of the 
inductor 202 located near an opposite edge 216 of the IC 200. In this 
configuration, a time-dependent magnetic field (indicated by magnetic flux lines 
218) created by the inductor 202 upon operation of the IC 200 is generally parallel 
to an over-all x-y plane of the IC 200. The region of greatest magnetic flux density 
occurs at the ends 210 and 214 of the inductor 202 near the edges 212 and 216 of 
the IC 200. Thus, the other components 208 of the IC 200, even if adjacent to (as 
shown) or under the inductor 202, are not significantly affected by the magnetic 
field of the inductor 202. 

Also, the inductor 202 is preferably formed as shown near another edge 220 
of the IC 200. In this configuration, the magnetic flux lines 218 along the length of 



the inductor 202 extend off the edge 220 of the IC 200, so there are no other 
components of the IC 200 in this area with which the inductor 202 could potentially 
inductively couple, even if the nnagnetic field was strong enough to do so in a 
significant manner. 

5 Additionally, the inductor 202 is preferably connected at connection points, 

or "taps," 222 and 224 to other parts of the IC 200, such as other components in a 
"front-end" layer, or substrate, (described below). The connection points 222 and 
224 are preferably at the ends 210 and 214 of the inductor 202, or an inductor 
segment 204, and can extend a distance beyond the inductor 202 before making 

10 contact to the other parts of the IC 200. 

The IC 200 further includes interconnect layers 226 (a.k.a. metal layers and 
conductor layers), ILD (interlayer dielectric) layers 228 (a.k.a. via layers and 
insulator layers), a contact layer 230 and a substrate (a.k.a. front-end layers) 232, 
as shown in a cross-sectional view shown in Fig. 4 taken along section lines 4-4 in 

15 Figs. 3 and 5. The substrate 232 generally includes various layers (not shown) that 
fonn the other components 208 (Fig. 1), such as the transistors, capacitors, 
resistors, etc. of the IC 200. The interconnect layers 226 generally include 
conductors 234 (e.g. metal lines) that electrically connect various portions of the IC 
200. The ILD layers 228 separate, or insulate, the interconnect layers 226 and 

20 generally include vias 236 (e.g. metal plugs) that electrically connect the 

conductors 234 between different interconnect layers 226. The contact layer 230 
generally separates the substrate 232 from the first interconnect layer 226. 
Combinations of the conductors 234 and the vias 236 within the interconnect layers 
226 and the ILD layers 228, respectively, enable electrical connections between 

25 the various components of the IC 200. Optionally, a ground plane can be used to 
isolate the inductor from the components in the IC 200. 

The inductor segments 204 are formed within the interconnect layers 226 
and the ILD layers 228. The inductor segments 204 have a generally rectangular 
spiraling coil-shape, as shown in Fig. 4. The rectangular spiraiing coil-shape 

30 generally includes horizontal and vertical legs. The horizontal legs are formed by 
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the conductors 234 in the Interconnect layers 226. The vertical legs are formed by 
the vias 236 in the ILD layers 228 and by the conductors 234 in the interconnect 
layers 226. 

In a particular embodiment, the substrate 232 includes a region 238 that Is 
5 directly beneath the inductor segments 204 and substantially free of the other 

components 208 (Fig. 3). Since many of the other components 208 are electrically 
connected to the conductors in the interconnect layers 226 directly above the other 
components 208, it may be impractical to place any of the other components 208 
directly beneath the inductor 202 (Fig. 3), because the inductor segments 204 take 
10 up all of the Interconnect layers 226 within a width (w) of the Inductor segments 
204. 

in another particular embodiment, however, the inductor segments 204 do 
not take up ail of the interconnect layers 226. Instead, at least one of the 
interconnect layers 226, such as the first interconnect layer 226 (metal 1 layer), is 

15 unused by the inductor segments 204. In this manner, the region 238 directly 

beneath the Inductor segments 204 may include some of the other components 208 
(Fig. 3) electrically connected to at least one of the Interconnect layers 226, 
preferably between the inductor segments 204 and the region 238. In a further 
embodiment, the inductor 202 (Fig. 3) does not use any of the interconnect layers 

20 226 used by the other components 208 (Fig. 3) of the IC 200 (Fig. 3). Instead, the 
inductor 202 is formed in additional layers 226 and 228 formed above the 
Interconnect layers 226 used by the other components 208, so the region 238 
below the inductor 202 may be fully used for the other components 208. Use of 
either of these embodiments may depend on space requirements of the particular 

25 application for which the IC 200 is designed. The time-dependent magnetic field of 
the inductor 202 does not significantly adversely affect the other components 208 
in the region 238, since the density of the magnetic field is relatively low along the 
length of the Inductor 202. Optionally, a ground plate (not shown) can be used to 
isolate the inductor 202 from the other components 208 In the IC 200. 
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The inductor segments 204 are connected to each other through the 
interconnect layers 226, as shown in a cross-sectional view in Fig. 5 taken along 
section lines 5-5 in Figs. 3, 4 and 6. In the embodiment shown, the left inductor 
segment 204 is connected to the middle inductor segment 204 by a conductor 240 
only in the third interconnect layer 226 (metal 3 layer). The middle inductor 
segment 204 is connected to the right inductor segment 204 by a conductor 242 
only in the sixth interconnect layer 226 (metal 6 layer). 

Additionally, the cross-sections of the inductor segments 204 preferably 
alternate according to the examples shown in Figs. 4 and 6. In other words, the 
cross-section of the left inductor segment 204 is illustrated by Fig. 4, described 
above. The cross-section of the middle inductor segment 204 is illustrated by the 
cross-sectional view shown in Fig. 6, taken along section lines 6-6 in Fig. 5. The 
cross-section of the right inductor segment 204 is similar to Fig. 4. The next 
inductor segment (not shown in Fig. 5) in the series returns to Fig. 6, and so on. 
The cross-sections shown in Figs. 4 and 6 are generally mirror images of each 
other, so the coil-shape of each inductor segment 204 is in an opposite spiraling 
angular direction from that of the inductor segments 204 on either side of it. 

Thus, each two inductor segments 204 in a row are connected through only 
one interconnect layer 226, and the coil-shapes of each two inductor segments 204 
in a row have opposite spiraling angular directions. In this configuration, the 
current flows through the coil-shapes of each of the inductor segments 204 in the 
same angular direction (as exemplified by arrows A and B in Figs. 4 and 6, 
respectively). Likewise, the magnetic field created by the current flowing through 
each of the inductor segments 204 is oriented in the same direction (as exemplifled 
by arrows C, D and E in Fig. 5). 

The over-all inductance of the inductor 202 (Fig. 3) is generally dependent 
on the sum of the individual inductances of the inductor segments 204, since the 
inductor segments 204 are connected in series. With more inductor segments 204, 
the over-all inductance of the inductor 202 increases. A greater length (I) (Fig. 5) 
of each inductor segment 204, however, reduces the number of inductor segments 
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204 that can fit within the over-all length of the inductor 202, and thereby reduces 
the over-all inductance of the inductor 202. The greater length (I) also decreases 
the resistance of each conductor 234 and via 236 (Fig. 4) that form the inductor 
segnnents 204. Therefore, there is a tradeoff between higher inductance and lower 
resistance. 

The inductance of each inductor segment 204 generally depends on, among 
other factors, the width (w) and height (h) dimensions (Fig. 4) of the cross-section 
of the inductor segment 204 and the number of turns of the coil-shape within these 
dimensions. The height (h) and number of turns are generally dependent on the 
number of interconnect layers 226 (Figs. 4, 5 and 6) used in the IC 200. Figs. 7 
and 8, for example, show alternative embodimente with different numbers of 
interconnect layers 226. Fig. 7 shows only five interconnect layers 226, thereby 
allowing for a lower height (h) and fewer turns. Fig. 8, on the other hand, shows 
seven interconnect layers 226, thereby allowing for a greater height (h) and more 
turns. Design considerations for the height (h) and number of turns are, therefore, 
relatively constrained. The width (w), however, is not so constrained. Instead, the 
width (w) may be formed at almost any dimension to obtain the desired inductance 
for the inductor segments 204 and the over-all inductance of the inductor 202 (Fig. 
3). Fig. 9, for example, shows an inductor segment 204 having a shorter width (w) 
than the inductor segments 204 shown in Figs. 4 and 6. Larger widths (w) may be 
constrained only by the maximum required inductance of the inductor 202 and/or 
the size requirements for the IC 200 (Fig. 3). 

In an alternative embodiment, rTX>re than one inductor 244 and 246, similar 
to the inductor 202 (Fig. 3), is included in the IC 200, as shown in Fig. 10. The 
inductors 244 and 246 may be electrically connected together, preferably in series, 
by a conductor 248 to combine their inductances. The inductors 244 and 246 may 
also be of^t from each other at any appropriate locations in the IC 200 and have 
any appropriate length, width and number of inductor segnfients 204 (Figs. 3-9). 

in other alternative embodiments, N inductors 250, 252, 254 and 256 (similar 
to the inductor 202, Fig. 3, or the inductor segments 204, Figs. 3-9) are connected 
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together in series by conductors 258 and wth switches 260 (e.g. transistors, fuse 
legs, etc.) by which the over-all inductance and/or quality factor value of the 
combined inductors 250-256 may be set or controlled, as shown in Figs. 11 and 12. 
In the embodiment shown in Fig. 1 1 , the switches 260 electrically connect the 

5 conductors 258 between each adjacent pair of the inductors 250-256 to chip 

circuitry 262, which is similar to the substrate 232 (Figs. 4-9). In this manner, all of 
the inductors 250-256 that occur in the series after the conductor 258 at which any 
selected switch is "on" are effectively short-circuited out of contributing to the over- 
all inductance and/or quality factor of the combined inductors 250-256. In the 

10 embodiment shown in Fig. 12, the switches 260 are each electrically connected to 
the conductors 258 in parallel with a corresponding one of the inductors 250-256. 
The first and last inductors 250 and 256 are connected to the chip circuitry 262. In 
this manner, the inductors 250-256 that correspond to any of the switches 260 that 
are "on" are effectively short-circuited out of contributing to the over-ail inductance 

15 and/or quality factor of the combined inductors 250-256. In both of these 

embodiments, the over-all inductance of the combined inductors 250-256 can be 
set by selecting which of the switches 260 are to be on and which are to be off. 

It is apparent from the previous description that the present invention 
enables the incorporation of one or more inductors into an IC with a relatively high 

20 level of flexibility in the design and relatively little adverse impact on other parts of 
the IC. Thus, the present invention enables less expensive IC's due to the lower 
required design margins for components of the IC and higher performing IC's due 
to the higher quality factor of the inductor. Additionally, since the inductors are 
formed by conventional conductors and vias in the interconnect layers and ILD 

25 layers, the fabrication of the inductors can be incorporated into existing 

metaiization procedures without increasing the time or cost to fabricate the over-all 
IC. Also, since the time-dependent magnetic field of the inductor is relatively minor 
along the length of the inductor, other components of the IC can be placed in close 
proximity to the inductor and the Inductor can be placed in almost any location in 

30 the IC, thereby more efficiently utilizing the available space in the IC. Furthermore, 
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the segmentation of the inductor or the use of more than one inductor allows for 
control of the over-all inductance during design or operation of the IC by turning on 
or off selected inductors or inductor segments. 

Presently preferred embodiments of the present invention and many of its 
5 improvements have been described with a degree of particularity. This description 
is of preferred examples of implementing the invention, and is not necessarily 
intended to limit the scope of the invention. The scope of the invention is defined 
by the following claims. 
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